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ABSTRACT 

A composite distribution of tangeutial and u~v3:rd 'components oL air flow is determined by tracing particles 
of rlehri~ :1nrl . ('lond tag .l11?~·ements in scal~d Illovies of a "tornado. The greatest t.angeutial speed measured is 170 
m.p.h. and the greatest up~vard speed deri · ·i~}f is 150 m .. p,h. · A distribution of the convergent. radial component of 
motion in the lower GOO ft. of the \•ortex; · · ·oth<~sizecl and used to generate a vertical speed distribution ·'\vhi'ch. 
nearly duplie;lte::; t.he observed vertical speed ·;.:" ~!~J).uUbn. . , · 

The obBen·ed mdial distribution of the vet<ti~I · component of relative vorticity at three levels is shown and 
con\'(;rgence !lt. the 500-ft .. radius is computed u~i.ng t.he .. synthesized radial speed distribution. Three-dimensional 
trajPctories of air parcels in the lower portion of the vortex are also shown. 

1. INTRODUCTION 

For n1nny decadrs the speed of the wind in the tornado 
' heen an object of great euriosity, and many indirect 
·;IllS ha.ve. bern used to estimate at least the maximum 
·c·d neat the ground in .a given tornado and many 
'<Wctical studies h11Vc estimated the speed distribution in 
· tornado vortex. In this investigation the scaling of 
h-quality tornado Jno,~irs (~ome scenes taken with a 
times n1agnifying tE•lephoto lens} has aUo,,~ed the 
t'rminntion of derived wind speeds in the Dallas, Tex., 
·ti:ulo · of April 2, 1957, by tTaeing the time rate of 
\"(' mcnt of cloud fmgrnents and debris elements cir­
: 1 ing arol.md this tornado. 
\ limited distribution of the speeds of the tangential 
i ,·crtical.wiJHl components over a range of radii and 
·l;; ahove . the. ground in the space occupied by the 
'i:ts tornnclo lws b0en derive(l. Of ncerssit.y, t.he 
:<nrcmcnts were not simultaneous, being m1ide in 
,.,tJ periods when.> the c;H]it'st and lnif'st mc<lSlirc­

' ls \YCre s('p:rn1tcd by about 19 minutes. Tlwrefore, 
<JH'<'<I distributions shmn1 in this papt'r nrc composites 

of speeds fron1 different ti1nes and it will be shown that 
speeds obtained late in the tornado lifetime do not fit 
the pattern of those obtained preclon1inantly in th.e 
early part. The fact tlll.t.t the condensation envelope, or 
visible tornado, wns suspended a few hundreds of feet 
flloft during most of this measuring period n1ade possible 
some measuren1cnts in a region that orcHna.rily is obseured. 
'Vind speeds quoted for the toi·nfldo arc reln.tive to the 
tornado, and are those of the trneer elements except where · 
eonections have bern applied to some Vt'rtjeal speeds. 
\Vjnd speed assumptions rebtive to tmcer speeds are 
explained in the text. Ra(lial sym1netry ·is assumc,d for 
all speed distributions described in this paper. 

2. TANGENTIAL WIND SPEEDS 

The tang<~ntinl eonlpOn<'nt~ of wind ;lround the Dallas 
torn:Hlo nrc <liseussed in t.his section. It is to be kept in 
mi ncl t.h:lt. the d:1 ta points are loea ted where by chance 
tracer p;1rtielcs were locnt.<>d an<l ilhtt. the highest speed 
mc;lsurr.rl was not JWccs~;;a rily the hig-hest :-;fWl'd C:\isting 
in the tornado. lt is :tlso Wt'Jl to renwmlwr that. this 

Hi7 
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FIGURE I.-The varioustypcs of elements used as air flow tracers 
in the wind speed measurements of the Dallas tornado of April 2 
1957. I 

radius. The toi'Ila· clo appe ed t b · · nr o e lll approxlllt ttlc·L 
the same stage of development for rnost of tl:··· 
observat.ions. 

The distribution of tangential speeds, dctermiucd . 
described a?ove, is shown in figure 2 on a graph of hcigi:: 
versus rad1us. Isotachs are smoothed to these d· . 
points. The average position of the condensation e11.t.\ ,: 

lope relative .to n1ost of the dat.ti points is shown 11 ~ L-~ 
dot-dash line aci;oss the up~er left-hand pnrt of the gra;i !~ 
The center of the ~ornado IS, of course, nlong the vct· lic ~:: 
scale at zero radms. The greatest derived tangenti;;: 
speed was 170. rn.p.h., and was found at a radius of 130ft. 
and an elev~t1?n of 225 ft. This does not mca.n that tL,. 
speed was hm1ted to 170 rn.p.h., since other tracers llw 

considered here might have indicated greater speeds. TI;.'. 
greatest derived low-:Jevel speed was 122 rn.p.h., which w;1 ~ 
found at an elevation of 70ft. and a radius of 90ft. Ot.i11·; 

than the fnct that. the tangential speed at the carth;s snr­
face is required to be zero, the distribution of speed ht'­
tween the ground and the level of the 122 n1.p.h. dntur;: 
point is not known. · Unfortunately, these data nr,· 
bunched in space and some interpolation has been ~ece~ ­
sary, pnrticularly between 500 and 1000 ft. in elevntion 
and inward from the 400-ft. radius. . 

For the information of the reader the da-ta points u: 
figure 2 are code~ as to the type of element traced iL 
obtaining the distribution of tangential speeds. 'l'hL 
triangles indicate t.hat solirl 'debtis ·pnrticlcs were trncked. 
These· were mainly . some unifornuy sized rectan crulu rh 

tOrnado was relatively small, but at the same tin1e ,vas · shaped thin sheets of material about 4 x 8 ft. in s~e nn;1 
fairly stable in character; at the ground its damage path were located below 500 ft. in elevation and inward fror~: 
was at tin1es spotty (c.f. [5]). · . . the 300-ft. radius. · The dots indicate cloud tags and du ~~ 

Figure 1 shows the various types of elen1ents that were parcels and the squares _show where the surface of tl! ·: 
used as air flow tracers in measuring the speed. In the condensation funnel . itself was used. The _two st.m 
upper portion were the cloud tags and frao-ments rotatinO' indicate non-uniformly sized solid debris _ tracers. 
around the tornado; · and in the lower por~ion, that is, i~ · In considering 'the distribution of wind speed, one mu~: 
and around the debris cloud, were the dust parcels and remen1ber that this analysis is not unique and that ther· 
pieces of debris. In some instances the speed of roughness are groups of data, for example some ofthose in the regil):: 
elements on the surface of the funnel was measured and around ·1 000 ft. in elevation and 500 ft. in radius whir:. 
in one instance the speed of !rotation of a flattened funnel do not fit the analysis · as presented here. The i~otad> 
tip was determined; both gave speeds on the funnel sur- could be redrawn to fit some of the other data points mo:-·2_ 
face. It was assumed that the cloud elements and dust closely than they are fitted in this analysis. IIowevcr, if 
or mud;..spray parcels were moving at the actual speed of one did this it would not greatly change the pattern ::' 
the air in which they were imbedded. For the more or shown in figure 2, but only change the radii . of sor!: 
less solid debris particles, it was presumed that the wind isotachs. The analysis shows a band of maximum spr,:··: 
speed was at least as fast as that of the particle of debris starting at about 60ft. in · elevation and 70 ft. in mdi::" 
used as a tracer. The radii of the paths of the cloud tags . and increasing in diameter with height such that at tho: 
were found by measuring the extreme left- or right-hand 1200-ft. level the radius is ~about 260 ft. Possibly t~ : ' 
projected distance that the tags extended from the maximum speed band continued downward and irnrzlr! 
tornado center as they rotated around it. The rndii of from the lo,vest datum point ~ho'\'\-'11 in figure 2. Gc-; ~ ' 

. the paths of solid debris particles not determinable as erally, the radial distribution of tangential speed resembl '" 

d~crt"bed above we e bt. · d b b . tl . h . that of the Rankine combined vortex where sperd it:· 
~ . , r o ame y o servmg tmr on- creases with decreasing radius to a certain radius in~;t! 

zontal projected speed distributions relative to the center · . of which the speed decreases linearly to zero at the cent< · 
of the tornado. Trial and error fitting of observed pro- The observed distribution also shol'{S the tendency j,,,.; 

jected speed distribution curves to a range of computed an increase in speed with elevation for the region out ::,: · 
projected speed curves a1lo,vccl an estimation of the of the maximum speed bn,nd. Attention is called to rf : 
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•:un; 2.--Distribut.ion of derived tangential speed from the center of the tornado to a radius of :2000 ft. and from near the ground to 
about 1800 ft. in elevation. 
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FIGURE 3.-Variation of tangential speed with radius for elevations of 150, 300, and 1000 ft. as taken from the analysis of figure 2. Data 
taken from analyzed isotachs . 

. rather sudden packing of the isotachs inside of the 70- coupled with the second-power increase of wind force with 
m.p.h. isotach; this itern \vill be discussed in detail later. speed, shows how tree tops could be broken off· while 
The high-speed points at the 200- and 270-ft. levels (near houses ·would be relatively unslisturbed. The decrease of 
the center in the enlarged inset} where low speeds· should speed ho1·izontally out\vard from the nutxinnun speed 
be expected, might be due to errors in detern1ining the band is rapid, indicating how a narrow ~one of damage 
radii of these particles. The low·-speed dn,ta points in the cut-off could occur. By way q.f comparison the n1inimum 
high.:.speed band near the 300-ft. level may have been de- speeds required to cause yielding of certain buildi11g 
rived at a time \Vhen the tornado speed was temporarily structures in and ncar the path of the Dallas tornado \Vere 
slackened at those locations, or again there could have been reported by Bigler and Segner [1] to range fr01n 55 to 220 
errors in determining the r~1dii. The two data points at m.p.h. These structures ranged in height up to about 
about a radius of 150 ft. and nt 1475 ft. and 1940 ft. in 20ft. above the ground for the most part. 
elevation are too high in speed foi· the arrangement of the Fron1 the isotach analysis of the tangential speeds us 
isotachs in figure 2. However, they were taken late in ·presented in figure 2, plots of speed versus radius were 

· the lifetime of the tornado when the ftmricl became quite made for elevations of 150, 300, and 1000 ft. above thr 
tall and narrow. Enrlier no .measurements had been ground nnd are presented in figure 3 . . These l~vels \n~rc 
possible at those locations since the funnel cloud occupied selected because they were located whei'e the. better d1thl 

that region. distributions existed. For the 150- and aOO-ft. levels ((lgs. 
The inset. of figure 2, which doubles the size of thnt 3a nncl3b) the observed speed curves (solid lines with dot$'1 

portion of the figure enclosed by the dotted lines, shows show a steeply-sloped inner poition ~xtcrior to the .point 
the size of dwellings and trees to scalerclativc to the size. of m<1xinnmi speed out to about the 2.50-ft. radius nnd a 
of the isotach speed distribution. One-half of a city block . · shallowly-sloped outer portion. in the region exterior h1 

extends from the left edge of the drawing to the 220-ft. · about. the 250-ft. radius. A definite hreitk in the slope.~ 
mn.rk. The rapid increase of speed upward into the band between the inner nnd outer portions is evident. A cotll­
of nwximum speed in the lowest 100ft. n.bovc t.bc gTotmd pnrison of these curves "Tit.h the VR=Constnnt. eurn~ 
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i !;c nE ,i.--Varia tion of vorticity .wit h radius at the 150- and 300-ft. levels u:sing tangential speeds from figure 3. A 20-times expandPd 
seale is provided for the portion exterior to about 225ft. in radios. 

lotted lines) on these gruphs shows considerable devia­
, 1n , indienting that the observed speed distributions were 
1t. irrotat.ional. However; curves with VR0· 8=Constant 
~ · re fitted to the shallowly sloped outer portions; the 

is very good, as shown by the open triangles. For 
t c- rest these curves were continued inward nearly to the 
dius of observed maximum speed. No attempt was 
:l<l c to fit the steep, inflected_inner curves with a simple 
: 1 thernatical curve. I-Iowever, the slope was approxi­
;ttdy avernged by the curve VRL 6 =Constant,_ (dashed 
JITe with cireled dots}". . . 
The observed curves show that the air flow in the vortex 
t ('rior to the break in the curves (about 250-ft. radius) 

:1S rot:ttional in the positive sense (cyclonic) and in the 
· ;~ ; l tive sense (.-triticyc.lonic) interior to the break point .. 
is presumed that surface and int ernal frictional effects 

t lS('d the s]o,v rate of inerease in speed inward between 
' Iii nf 5.50 and 2.50 ft. and prevented the conservation 

of angular momentum. Inward frorn the radius of maxi­
mum speed the deviation of the curves to speeds less than 
that required for solid rotation 111ay reflect the effects of 
friction at the ground. IIow~ver, tl1e deviation is not 
great. 

A ra tiler accurate distribution of observed (derived) 
tangential speeds at 1000 ft. above the ground and out 
to a radius of 1360 ft. 'vas provided by the tracking of 
cloud tags near that elevation at small intervals of radius. 
This distribution is shown in figure :3c as the solid curves 
with dots. The slope of this speed distribution curve is 
considerably more shallow than the slopes of the curves 
for the lower levels. Surpr1sing1y enough, the portion of 
this curve exterior to the radius of maximmn speed follows 
quite closely the theoretical ~rR=Constant curve (dotte.d 
line) as shown on the graph. The observed curve drops a 
litt1e bdow the theoret.ieal curve between radii of 290 
and .575 ft., corncs slightly · above the theoretical curve 
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bet\veerl'rudii of 575 and 1100 ft., and then again drops 
slightly below it beyond 1100 ft. 
· The near-conforn1ity of the obse;rvod and theoretical 

. curves at the 1000-ft. level indicates that the inotational 
vortex apparently can exist in nature and that . where 

·conditions are removed from the eft'ects of surface friction 
conservation of angular . rnomentmn is possible in the 
convergent vortex. 'rhe lag of observed speed (compared 
to the theoretical speed) in the region of 350 ft. in radius 
inay reflect tho retarding effect at this level of the slower 
speeds at lmver levels. 

Those portions of the curves of figure 3 interior to the 
point of maximmn speed are inflected and, us analyzed, 
do not show a linear decrease of speed inward which would 
be necessary for solid rotation in that region. Tl10so 
·curves reflect the nutnner of analysis in the core region 
'Where direct interpolation between higher- and lower-

, level data points was n1ade. However, these nonlinear 
speed distributions may have been real. 

Since an inspection of the tangential speed curves, 
. described above, indicated that the portion of the low­
. level tornado air flow exterior to about 250 ft. frmn the 
center was rotational in a cyclonic sense and that tho 
portion between 250 ft. and the point. of Inaximum speed 
was anticyclonically rotation a], the vertical component 
of relative vorticity 'vas computed for these curves at 
several points. The variation of vorticity with radius is 
sho,vn in figure 4. The solid curves vvi.th dots in the two 

. sections of the illustn1tion show the variation of vorticity 
wi'th radius relative to the scale ou the left of each section. 
The absolute value of positive vorticity was much smaller 
than that <?f negative vorticity in the region exterior to 
the radius of n1aximun1 speed. The large values of nega­
tive vorticity were related to the steepness of the speed 
distribution curve; So that the reader may compare the 

. vorticity distribution against the distribution of tangential 
speed, the speed distribution curves from figure 3 are 
shm.vn as dotted curves in figure 4 . . To show the radial 
variation of positive vorticity to better advantage, the 
vorticity values were plotted at the right-hand side of 
the graphs on a scale 20 times larger than the left-hand 
scale. The steeply rising curves (through crossed dots) 
to the right in each panel of figure 4 are fitted to the 
expanded scale. The vorticity distribution curves are 
discontinuous . at the saine locations that the speed dis­
tribution curves are discontinuous. 

·Since. the observed and theoretical tangential speed 
curves coincided so closely at the 1000-ft. level no conlpu­
tations of vorticity distribution with radius were made 

·for that level. However, two point detern1inations were 
.made and were plotted on the curve of figure 3c. One at 
the 300-ft. radius Vv"fi.S -1827 X 1 o-4sec. -l in the region 
where the obs,crved curve was steeper thnn the theoretical 
curve. Another n.t the 600-ft. radius \vas +303 X 10-t 
sec.-1 in the region where the obst•n;ed curve was less 
steep thnn the theoretical (nonrotntional) curve. Those 
portions of the. fto,v inside the rndius of m.-tximum, speed 

indicate high positive vortlcttLes us con1putecl with tl1c 
observed speed distribution of figure 3. Since the 
n.verngc steepness ofthc speed distribution curves inside 
the ntdius of maxinuun ~peed steepenC'd with dcereusing 
altitude the values of vorticity in tlwL re ·on also increased 
generally ''lith decreasing altitude. Poh1t v~lu~s com­
puted for the three levels arc shown on the. curves of 
figure 3, and are indicated on figure 4 at the proper l'tldii. 
11nximurn values exceeded 4000 X 1 o-3scc. -I for: the 150-
ft. level. 

Considering orders of mngnitudc of these vnlucs of 
vorticity, onQ is reminded .that nn avehtge figure for u. 
n1iddle-latit.ude cyclone is around 2 X 10-4scc. -t. Ac­
cordingly, the greatest positive vorticity for the · 150-ft. 
level and exterior to the radius of n1axinuun speed was 
virtually four orders of Inugnitude ·greater than that 
usually found in the cyclone and the value for the 300-ft.. 
level was nearly as high. Further, the vnlue found for 
the 1 000-ft. level at the GOO-ft.. radius Wt1.S more thn.n two 
orders of nlttgnitude greater than that found in the 
synoptic cyclone. This means that there wns consider­
able horizontnl concentration of the vertical vorticity 
field, that is, Inuch vertical stretching in nncl around the 
tornado, and in. addition, 1norc horizontnl concentration 
in the lower levels than in the upper levels. , Using the 
prineiplc of conserv1ttion of potential vorticity nncl 
neglecting compressibility it is found that convergence of 
air, having vorticity of the order of 10-4sec.-1, fr01n 
5 miles away would provide the gren.test value of positive 
vorticity founc( hm:c at about the 250-ft. radius. I-Iow.., 
ever, if vorticity in a region favorable for the formation 
of tornadoes was greater thnn 1 o-4sec. - 1 the advection to 
the center would not have to come from so far to provide 
the large value of vorticity found in this tornado. 

- ·3. VERTICAL SPEEDS 
":> 

vVhile the tangential wind speeds ,verc being obtained 
by 1nem1s of the cloud tags and the ternporarily suspended 
solid debris particles (us in fig. 1), vertical components 
of Inotion were observed and measured in the cloud · tags 
and it was realized that vertical n10tion of the air was 
required to suspend the so,licl objects. vVhen cloud tags . 
were tracked, the. vertical speed of the tag was taken us 
the upward air current speed at the radius where it was 
found. vVhen pieces of debris were tracked·, some allow­
ances were necessary regarding their tenninal fulling 
speed in still air. Fortunately, during the period that 
wns investigated, the tornado had picked up, possibly 
from a lumber yard, a large nun1hcr of thin Rl10ets of 
material, all of which were about 4 XS ft. in size .. -These 
objects were used for most of the low-level speed Oleus(u·c-:· 
Inents. The rnovie showed that they \vere .... tumbling, . 
which would give . thmn il rather unifonn falling rnt.c . . 
Hence, the fall.ing rates of about a dozen of these piece:; 
were n1ensurecl when they appt><lrcd to be fur enough 
from the tornado's influence to re<"tch a nearly true 
terminal falling speed relative to a stntionn.ry atmosphere. 
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[~IGCRE 5.-Dist.ribution of derived upward speed from the center 
of the tornado to about lSOO ft . in radius and from the ground to 
about 1700 ft. in eleYation. 

Tlwsc speeds averaged 43 m.p.h., with only a little scatter. 
\ecordingly, whm:1 any of these 4 X8 fL pieces were 
! racked for ':erticnl speed, a correction of 43 1n.p.h. was . 
tddcd algebrnienlly to whatever vertieal speed the pnrti­
·lc·s had reh1tive to the ground. ·The radius of the path 

1\ .<lS already available for ench particle from the tan­
.:.-eatial eomponent mcnsurr.ments. Since there are fewer 
l<tta points for vertical speed than tangential speed, 
• here is less confidence in the distribution of the vertical 
;pred isot.achs t.hnn for the horizontal speed isotaehs in 
'Ome portions of the tornado. 

Figures 5 and 6 show the distribution of the upward 
' peed data points nround the tornado and the isotachs 
:itted to them. The center of the tornado is nlong the 
\"(•rt.icnl scale at zero J:adius. Figure 5 shows the overall 
: >ict ure and figure 6 the lower 800 ft. in· gre~l ter detnil. 
The fit of the isotnehs in figure 5 shows a relatively 'small 
:cw-level.core of high-speed ·upw;lrd air flow at about the 
! ~~.5-ft. rle,,.ation. The mnxirnum derived upwi\rd speed 
\r as 152 m.p.h. Abo,;e the high-speed jet nt an estimated 
··lc•vation ·of 850 ft., the upwnrd speed became zero and 
I" rom this point. the zero isotach sloped upwnrcl wi t.h 
~ rwrcn.sing rndius in a manner, at nny one time, app;Hent.ly 
!c•ppnding upon the sli<lpe ancl size 'of t.he fun;wl. Late 
: n the lifetime of tlJC tornnflo the zero-speed en n'.lope was 
~ !1 n narrowly t:lpcred sltnpc somewhat ns outlined by the 
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FIGURE 6.·---·Detailcd ver:,;ion of distribution of up,mrd speeds. 
Only the Jo;Yer 900 ft. and the inner 500 ft. are shown. 

zero isot.nd1 in the upper left. of the diagran1 and labeled 
as "tall, narro\v funnel." The condens11tion funnel at tb~ 
later stage aetually extended to the ground but it wa.s 
impossible to determine the level at which zero vertical 
speed begnn in the core. At nn intermediate time stage 
the zero-spPed en vel ope lay approximately along the 
d~1shecl curve in a fororn to agree with the zero upward speed 
data points marked with n subscript "w" nnd also agreeing 
with the shape of the funnel itt that time. The zero speeds 
were found by trackit1g cloud fragments on the funnel slir­
fac.e. The "w" indicntes that theRe data point.s were tnken 
when the top of the funnel '''Rs wide compared to those 
taken at a later stage. The two upward-speed data points 
subscripted with "w", n nd locH ted in the rrgion of about 
1300 ft. in elevation nnd 700 ft. in radius, have values 
much lower th;m suiTounding dnta points. They were 
derived by trneking cloud p;wccls a relatively short dis­
tHncc from the condensation t•nvelope at n. t.irne when the 
envelope was rclnt i vely wide.' 

In the region ahoYc the 900-ft. level nnd outside the 
400-ft . rndius the isotnehs ttn·n cut.W<lrd n!1cl become ·. 
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nearly horizontal. The greatest n1easured upward speed 
at a huge radius Wits 33 n1.p.h. at about the 1400-ft. level 
and the 1500~ft.. radius. Since measured upward speeds 
of about. 55 1~1.p.h. are kllvwn in thunderstorms this Ytllue 
is quite realistic. At son1e larger radius these isotachs 
must turn upward, then at a higher level turn inward and 

· meet over the tonMdo system. The data points above 
the 900-ft. level were derived frmn cloud tags and aecord­
ingly these speeds should be correct within the limits of the 
n1easuring syst.em, since no correction \Vas neeessary for 
particle falling speed. Additional evidence in support of 
a region of no upward speed in the. core will be presented 
later. 

Figure 6, whieh is an enlargement of the region of figure 
5 below the 900-ft. level and inside the 500-ft. radius, 
shows considerable additional detail of the isotaehs (solid 
lines) and data points. At the botton1 of the illustration 
is shown to seale the }~ bloek of trees and dwellings (the 

. same as for fig. 2) and their relation to the upward-flow 
isotaehs. Observe ho\V tree tops could extend into upward 
speeds of over 100 m.p.h. and the tops of dwellings into 
upward speeds of ne<lrly 90 n1.p.h. As the isotachs are 
shown here, this could happen only very elose to the center 
of aet.ivity and so only a narrow region of damage would 
be caused from this upward component. 1v1ovies of the 
Dallas tornado aetually show pieces of shattered dwellings 
n16ving upward in and around the eore, then being tossed 
outward at smne reh\.tively low height. None of these 
pieces was observed to ascend initially outside of the dense, 
but small-sized, debris dottd; it is assmncd then that they 
were carried upward within the nnrrmv region of high 
upward speed. Upon reaehing lower upward speeds at 
some higher elev~1tion (an elevation where an outward 
c01nponent must exist), the pieces were ejected and then 
dropped since upward speed was insufficient to support 
them. 

The datn, points near the center of the tornado and below 
300 ft. in height show how the high speed upward current 
split intoa cone-like form around the core (an arrangement 
that was mentioned earlier) sueh that above about 150 ft. 
in height the upward speed in the eore was slower than the 
air immediately outside it. It was alrnost as if the air 
flow split around a pointed cone somewhat as around a 
sharp airphulC nose. In the lower portion of figure 6 are 
some theoretieal isotachs of vertical speed indicated by the 
dot-clash lines. They \Vere included to show how nicely 
they fit with the observed isotaehs. The procedure for 
generating them 'vill be described later. 

As will be seen in figure 6, some of the data points do not 
fit the analysis; examples are the ones at the 225-ft. level, 
90-ft. radius (52 m.p.h.) and the 135-ft. level, 90-ft. radius 
(38 m.p.h.). The policy of showing all reasonable data 
points obtained (ns was used for fig. 2) is retained here. 
The only exceptions were some points locitted below the 
30-m.p.h. observed isotnch that were much too high for 
both the observed and theoret.ieal speeds. 

In order to test the observed vertical sprccl distribution 
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FIGURE ?.-Distribution of assumed radial speed, U, ·with elevation 
at the 500-ft. radius (solid line, using the scale at the bottom) and 
the distribution of horizontal divergence with height at the 500-
ft. radius (dotted line using the scale at tl~e top). -

of figure 6 for coHsister1cy in the region exteJ:ior to the 
location of ffiitxin1um upward speed and below 600 ft. 
in_ eleYation, a theoretical vertical speed distribu~io_n was 
constructed. It was btlsed on the principle of contin.i:tity, 
the assumption of incomprrssibility, nnd use of n .,con­
vergent radial speed ( U) distribution of the form U Cx: 1 I 1? 11

, 

\vhere 0 < n < 1; inward flow is designated ns positive 
in the following analysis. The assumed distribution of 
U \vith height at the .500-ft. radius \Vas adapted from il 

graph of lmv-level wind-speed distribution wit.h height, 
published by the \V etttltCr Bure<tU [6]. It. WtlS modi ned 
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[~JGURE 8.-Volume elernent used in computing theoretical upward 
13peed distribution from the assumed radial speed distribution. 

o that U reached a maximum at · the 175-ft. level, de­
I" C'<1sed to zero at the 500-ft. level, and then reversed to 
Jutward flow above 500 ft. This distribution 'vith height 
.~ sho'\\Tn by the solid curve in figure 7. The horizontal 
:1dial-componentspec~ n,t 6.25 ft. above the ground and 
t the 50q-ft. radius was tnken as 40 m.p.h. and directed 
l) Ward the center. The v~:1lues of n used were 0.4 from 
he ground to 100· ft. in elevation, 0.5 from 100 to 200 ft. 
'I elevation, and' 0.6 for elevations above 200 ft ., so 
s to be consistent -at least qualitatively with deerease 
r frictional drag itt increasing distanees nbove the ground. 
·ertical speeds were computed from the time r<"t te of excess 
0l un1e accumulatii1g in rings of unit volume around the 
)rn rtdo < w~1ich ' ,,·ere 50 ft. wide and 25 ft. deep, one of 
hieh is show·n in figure 8. Above 212 ft. in elevation, 

:H_'. rings were 50 ft . deep. The vertical speed coming 
ut of eaeh ring was accumulated from the ground upward 
1ch that a distrib.ution of vcrtieal speed was obtained 
·om the 500-ft ,· rnclius inw .. ard and fron1 the ground 
) a little over 600 ft. in elevation. 
The resulting distribution of computed upward speeds 

it h height sJlCl radius is shown by the solid eurves of 
gure 9. Not all the cmnputed data points are shown 
11t the isotachs were drawn with all of them in eollsidera­
on. For co1nparison with the 1sotachs of theoretical 
pwnrd speeds, the observed speeds from figure 5 are 
·produeed ~s dashed lines in figure 9. Considerable 
~rr ement is shown by the neH.r fit on the 30-, 50-, and 
)-ni.p.h. · isotach lines.. But the 90-m.p .h. observed 
utaeh is considerably nearer the center of the tornado 
t; tll is the theoretical line. N everthelcss, where agrce­
iC' nt in speed is poor the trend of the theoretical and · 
lSC'rved lines is nearly the san1e. Inereasing the radial 
~ c·ed U "inward frmn about the 250-ft. radius only, 
)(1 keeping the outer portions ns described above, brought 
te 90-m.p.h. theoretical isotach into nen.r eoinc.idence 
it h the g():..m.p .h. observed isotach nnd nt the same time 
·pt the 30-m.p.h. isotaehs in closeproximity. However, 
1C' 70- and 50-m.p.h. theoretical isob1chs moved inward 
.·:ny frmn their positions of ncar eoineidcncc in figure 9, 
td the c.omputcd isotachs lost their smoothly eurved 
l:!t"<letcristics. Undoubtedly distributions of U with 
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FIGt;RE 9.-Distribntion of theoreti-cal upward speed (solid lines) 
computed from the assumed radial speed distribution of figure 7 
(solid curve). Dotted Jines are isotachs of observed upward 
speed. 

radius could ·be devised that would give even better· 
approximations thnn those shown here, but the . effort 
to find thmn is time consun1ing. I-Iere at lenst, it has been 
shown that a good approxin1ation to a portion of the 
observed distribution is possible. Perhaps if the volume 
of air specified by the rrwthod did truly ascend in the 
n1iddle of the tornado the observed upwnrd speed distri­
bution near the center would more nearly coincide with 
the theoreticnl distribution. Very likely the separation 
of the vertical high speed jet into a shell <Hound the less 
speedy tornado core at high levels accounts for the ob­
served increase bei11g less r~1pid th;m the theoretical in­
crease of upward speed inward from Hbout the 200-ft. 
radius . . 

For the purpose of comparison of eonv(•rgcnce in other 
observed tornadoes and thunderstorms, the convergence 
in the specified horizontal wind system of the Dallas 
tornado was eomputed. The computation W<lS made at 
the 500-ft. radius and in steps from 6.25 ft . to 550 ft. 
above the ground. The same radial speed distribution 
with height -was applied that was used in constructing 
the theoretical vertical speed distribution (see fig. 7). 
The convergence values range from 700 X 10-~sec. - 1 at 
6.25 ft. above the ground to a maximum of 1175 X 10-4 

see. - 1 at about 150 fc<>t nbove the ground. The results 
nrc displayed on figure 7 as the dotted eurvc with the scale 
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Fx.:;caE 10.-Computed trajectory and isotach pattern in the 
,-~rtical plane through the lower portion of the tornado. · 

st the top of the graph applying. Convergence went 
to zero at the 500-ft. elevtltion as required by the distribu­
ti\)ll of Uin figure 7. The maximum-value quoted above is 
spproximately four times greater than the convergence 
f._,tmd by Fujita [4] in the Fargo, N. Dak., tornado of 
June 20, 1957, at a radius of about 3000 ft. and an eleva­
tion of 3000 ft. Con vergence in the Dallas tornado was 
;ilso computed from derived radial wind components ob­
t.illled from movement of industrin1 sn1oke plun1es near 
th~ tornado (Hoecker [7)) for a radius of 0.75 n1ile and 
~ex-ation of about 600 ft. These values were around 
S..:;()Xl0-5 sec.-1, about 1/35 of the maximum value 
\.'Vmputed above from synthesized values of radial speed 
l~ fig. 7) at the 500-ft. radius. Additional comparison 
"')rues from data obtained in the Thunderstorm Project 
[1J. w-here it was found that precipitating Florida thunder­
~orm5 provided convergence between 250X 10-4 sec.-1 and 
~)X 10-t sec.-1, the latter behveen 16,000 and 20,000 ft. 
in. ele\""ation. The larger figure for the thunderstorms was 
~bout t\\·o-thirds of that found for the Dallas tornado at 
the 1.)0-ft. level and 500-ft. radius, using the synthesized 
uillo~ dntn. 

l~:i~much ns the theoretical distribution greatly re­
~·mhled the observed distribution of upward speeds, at 

least in cert11in regions of the tornado, it. was assumed that 
the synthesized r1tdi .. 11 speed distribution and the resultant 
theoretical upward speed distribution could be combined 
to give a realistic distribution of the velocity vector in the 
vertical plane. From this distribution of vector winds, 
isotachs of total speed and so1ne ~rnjectories * iri the r·-z 
plane were determined and are displayed as figure 10. 
The inner portion \vas left vacant., as it was earlier,_ because 
of the unreasonably high upward speed required by the 
synthesized model. On the basis of the initial nssumption 
stated above, it is presumed that the trajectory analysis 
of figure 10 closely resembles the actual trajectories that 
existed at times in the tornado flow. 

As shown in figure 10, the trajectories have a definite 
upward component throughout the region n~p1:esented; 
this is required for the convergent regime of the radial 
component of wind. And, as required by the distribution 
of U with height (sho\vn as the solid line of fig. 7) the 
trajectories show a reversal to outwcli·d flow above the 

-500-ft. level. Note that the curvnture of the trajectories 
at the 500-ft. level is greater at larger distances from the 
tornado. Trajectories entering the illustration from the 
right belo\v 300 ft. in height cross over to regions of greater 
speed while those entering above 300 ft. cross over to 
regions of lower speed ending at the 500-ft. level. Above 
500 ft. they enter regions of increasing speed. There is 
the suggestion of a · closed circular movement of ai1: in the 
shape of a ring vortex around the t-ornndo, having a hori­
zontal axis at the 500-ft. level and a little outside the 
500-ft. radius. This suggestion is augmented by the shape 
and Inovement of the outer and upper edge of the n10re 
dense debris cloud where in both still pictures and movies 

. . an outward and downwttrd curling n1otion ' ti},kes place. 
This curling action is ~ypified in the upper -~ight-:hand · 
portion of the schematic debris cloud shown In figure 1. 

11ass divergence in the steady-state system of figure 10 
is required to be zero, but attempts to prove this encounter 
difficulties such as determining the distribution of density 
in the system. However, on an assumpti<;m of inconl­
pressibility, zero velocity divergence was imposed on the 
system by the manner of determining the up\vard speed 
distribution from the elemental volumes of figure 8. 

4. THE THREE-DIMENSIONAL FLOW 

The vector flow distribution in three diri!~n_sions below 
the 600-ft. level and inward from the 500-ft. radius . \VnS 

determined using the vertical plane trajectorie~ of figui·e I 0 
and horizontal streamlines. The horizontal ~treamlines at 
given levels \Vere obtained by VeCtOr.;.addition of the COIH­
puted radial component regime, described ettrliei~ and '·ttw 
observed tangential wind speed. Again the assumption 
WtlS used that since the computed upward speed distribu­
tion closely resembled the obserYed upward speed dis­
tribution (nt least outside the cen tr,tl core region) the 
synthesized radial sprecl distribution closely resembled the 

"Bec:1!1Sl' or the Implicit stcatlr-state ~ssumptlon. stre:lml!nt'sr.nd trajcctoriescolncide. 
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FI G CRE 11.-I-Iorizont.al streamline patterns for several levels of 
the tornado in the lower 600 ft. 

. I 

:1cttwl, but unmeasurable, radial wind speed distribution. 
! forizontn.l streamline patterns were computed for 50-ft. 
\·c·ttical intervals from 50 ft. in elevation to 600 ft. in 
·lcvat.iou with an additional level at 475 ft.; some of the 
;;;nificantb.,. · different .pattcpl_S arc . shown in figure 11. 

rn order to emphasize the differences in streamline curva­
llre with elevation the end points of the several stream­
in es have been made to coincide. Note the predominantly 
adial component for the 150-ft. level and the increased 1 
:1 ngential con1ponent at the higher levels. 'fhe horizontal 
t ren mlines ·for the .500-ft. level would, of coul'se, be 
on cell tric circles. At the 600-ft.. level the streamlines are 
I i \'crgent as indicated in the figure. 

The horizontal projection of some of tJ1e three-dimen­
ional trajectories are shown in figure 12. Along each 
rajcctory u.re shown the starting elevation and the points 
t which the trajectory passed each 50-ft. level. (The 
l'Ossed dots arc not data points.) The key letters at the 
! ; \ rt of each trajectory refer to identically keyed trajee­
H'ies in the T-z plane of figure 10. These trajectories 
ere constructed by following the horizontal streamline 

:1 t tern in each 50-ft. vertical interval bracketing n stand­
'.d levt>l (i.e., 75 to 125ft. for the 100-ft.levcl, etc.). Scg­
{c·nts for each height interval were conneetcd resulting in 
1

1(' trajectories of figure 12. 'fhe radius of each segment 
;Is eon trolled by the .corrcsponding trajectory in figure 10. 
One of the interesting features of tlwse trajectories is 

I(' generally small curvature in the horizontal plane. 
'rlly t rajcetories '·'c" and "f" curve sharply ancl then 
·dy inside the 150-ft.. rndius. The others srcm ll1('l't>ly to 
!t across an edge of the tornado.* Trajectory "i" 

· fl li 1 ~ t rat.lng the domin:ltion of 1 an~rn tial spred8 oYer radial spcecl~ t'xeept in th e lo\\"(•st 

-----600' --

-soo' 

FlGURE 12.-1Iorizont.al projections of the three-dimensional 
trajectories of some air parcels which also follow the trajectories 
of the vertical projection in figure 10. Key letters identify 
identical trajectories in figures 10 and 12. 

through part of its track is convex to t.he tornado a.nd 
t rajrctory "k" is entirely convex. These trajectories 
show that in the rrgion below the .500-ft. level and at the 
500-ft. radius, the higher the entry eleva{ion for the a.ir 
parcel the less closely it approac.hed the center of the 
tornado. Unfortunately, the radial inflow assumption 
did not generate the observed vertical components in 
the C'enter of the tornado and so the trajectories in that 
n'gion were not computed. 

It is thought. that the three-dimensional trajectories 
arc quite representa.t.i ve since there was some similarity 
bet\H'en the trajectories of figure 12 and the paths of 
the pa.rt.ieles flying around the tornado, as seen in one of 
t be D.1llns tornado movies. In the movie the particles 
nre, in many cases, thrown out ahead of the tornado in 
the dircetion of its 1notion aftc•r hnving been lifted into 
the circulat.ion. As the pnrticlr.s were brought inwnrd nnd 
11 pwa rd, they en t.ered a region of deerensing inward com-
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.... ,,·in<l eventually encountered an outwnrd compo­
p ·l> • · • :,, 1<.1 "~ere then ej.cctcd, particularly at the larger 
~.- · .y' , { f • 
: ~ l .. lli : Thi:; type of debris movcmcn t has been described 
j:, toruado eye,,itnesses (sec Bigler and Segner [l], and 
6inwiddic [3]). Centrifugal force most likely aided in the 
l'jection of debris pmtieles also. 

5. NONTYPICAL OBSERVATIONS 

The observ-ation of the decrease of core upward speed 
with elevation at a relatively low level and the apparent 
splitting of · the high-speed jet around a less speedy core 
is nt variance with the usual conception that the core of 
the tornado participates in the sink mechanis1n for con­
verging air all the way into the parent thunderstorm. 
In support. of this finding is tho observation by movies of 
roughness elements rotating around the funnel of the 
Da.llns tornado at radii of_]~_ to 200 . ft. a.nd at heights of 
1.500 to 1900 ft., where, within th~ sensitivity of the 
scaling method, no vertical movement was detected. 
There could, aclmittedly, have been upward movement of 
a low order of magnitude, but whereas horizontal move­
ment of a roughness element on the funnel surfn.ce as 
small as 40 m.p.h. could be measured easily, no upward 
n1ovement was detectable at the same time. Additionally, 
among the rnovics of four tornadoes on file, it is impossible 
to· detect for certain, upward rnovement of roughness 
elen1ents along the condcnsn.tion en \'elope of these . 
tornadoes. ~1uch of the time the trunk is smooth and 
not even ripples can be detected along the surface. 
Of course, in the tip region of a suspended funnel the 
hazy character of the condensation funnel makes detection 
of movement almost impossible even though rapid fluctu­
ations in optical density are evident in the movies. 

One of the Dallas tornado movies shows upward nlOve­
rnent of optical density discontinuities in the hazy, lower 
portion of the suspended tip region when it was several 
hundred feet above the ground and quite narrow. The 
upward jet was feeding into the condensation trunk tip 
region at this time and possibly was effective in hindering 
condensation there. Upward speed did not appear to 
increase with elevation along the flow path. An observa-

. tion at very close range by Dinwiddie [3] of a waterspout­
turned-tornado agrees· qualitatively with the observed 
upward speed distribution indicated by figure 6 in the 
region below the 300-ft. level and i1nvard frou1 the 100-ft. 
radius. Dinwiddie describes objects being carried aloft · 
to a certain level, being rnomentarily suspended, then 
ejected outward and down\vard. He concluded that there 
\vns a high-speed upward jet. close to the ground whose 
upward speed eventually decreased with height. 

l\1any still photographs of tornadoes and their attendant 
debris clouds indicate that the major sink region is exterior 
to the . condensation funnel. For rxarn ple, when the 
condensation trunk tip is at or ncar the .grouncl the width 
of the rotating debris cloud is grenter than when the 
trunk is suspended aloft.. The writer has never seen a 

photograph of a debris cloud extending outward and 
upward from 'Within a t()rnado trunk while the trunk was 
at or near the ground. . vVhen the funnel extends down­
ward below the level of the top of the dense pn rticula tc 
debris region, there is almost always a clear region im­
nlCdintely outside of the funnel wall and inside of the 
darkest debris region. . This indicates that a region of 
greater density of debris extends upward while a voiding 
the funnel itself. If the funnel were invoh'ed in: the sink 
rnechanism for the eases observed, it seems that some of 
the finer n1aterial would be drawn into the funnel and so 
ten.cl to de-emphasize the clear region inuucdiately around 
the funnel. It has been noticed that, at least in the ease 
of the Dallas torna5!o, more debris (including chunks of 
buildings) was being carried upward \vhen tho funi1el tip 
\vas lifted a few hundred feet than when it was on ti10 
ground. It is believed that when the tip is lifted, tho 
elevation of the high-speed upward jet is relatively high 
above the ground or at least is elongated upward. \Vheu 
the funnel touches the ground, it appears that converging 
air turns upward through a larger ring-shaped area so the 
ri1aximum upward speed for a given sink strength is 
reduced and no central high speed core exists. riowevt'r, 
upward speed is still sufficient to lift some lighter debris. 
Observational evidence in support of this idea is contained 
in a sequence of photographs of a not hel' tornado or~ fiie 
which showed the ground-based debris cloud increasing in 
dia.mcter as the suspended funnel widened and lowered 
toward the. ground. No debris was seen to rise in the 
region -beneath the cut-off tip of the condcnsatioi1 funnel 
but all of it ascended exterior to the tapered cylindrical 
funnel which widened upward. In the pictures and 
movies of the Dallas tornado no large clouds of dust or 
spray, or chunks of structures were observed ascending 
along tlu~ trunk when the trunk \Vas touching the ground. 
Had a.ny large chunks been carried upwtud inside the 
funnel, surely a few '''ould :have been tl.u·own outward 
through the funnel wall by centrifugal force rn~ch as t-hey 
were observed to do when the funnel tip was retracted. 

As a . means of explaining a decrease of upwa~d speed 
with height above the low-level high-speed core, the 
following idea is suggested: If the bent-down isobaric · 
surfaces in this tornado \Yere spaced, in the vertictll, 
farther apart at the center than ut larger radii, then. there 
would be less upward accelerttting force in the center. 
For example, if at some location spaci9g allowed an up­
\Vard pressure gradient force that just. balanced the pull 
of gravity, there would be rio net upw1u:cl.force (excepting 
frictional force) on the air a-t thttt location and so n de­
celerating tendency would take pl1tce. 

Some question undoubtedly arises as to the mech.anism 
that removes the volume of n.ir that continuouslv flows 
toward the tornado center in the lower levels."' It. is 
suggested thnt the flow in the t.ornado must take on nn 
outwnrcl component above the level of maximum up\vard 
speed. This would allow the nitrrow, low-level U{nvanl 
jet to sprend out over a larger area nt higher elevations so 
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that a lower-speed, larger-an~a updraft around the tornado 
eould ensily remove upward the low-level convergent 
,-olwne~ The flattcning out of the observed updraft 
isotnehs around the tornado n t .higher elevn tions nnd 
lnrger nulii shows some evidence for this suggested 
mechanism .. 

. A ~rough volumetric test was performed to compare the 
flow rate through the 1200-ft. level out to 1600 ft. of 
nu.lius with that through a .~m·face at the level of the 
maxirhum-speed jef· (150 ft.) out to 300ft. of radius using 
upward speeds frm:u. figures 5 and 6. A uniform upward 
speed of 30 n1.p.h. ·was used for the upper surface, 120 
m.p.h. for the inner 100 ft. of radius, and 70 n1.p.h. for 
the outer 200 ·ft. of radius for the lmver level. Incom­
pressibility was nssumed. The flow rate through the 
upper surface computed to n1ore than one order of magni­
tude greater than that through the lower surface. The 
upward speed us.ed for the upper surface is a minimun1 
nnd therefore . the sink at, 1200 ft. as computed would 
take care of a s.ource strength more than ten times as 
g1·eat as provided by the lowersurface. 

It is nlso possible that some of the low-level air rccircu­
btes as is suggested by the turning outward and down­
ward of the outer rim of the low-level dense debris cloud. 
This would require less voltnne to be removed at higher 
levels. 

The reversal of radial inflow to one of outflmv at some 
dcvation (for this cnse, estimated to be at 500 ft. above 
the grou11d) is also at vnria nee with generally aceep ted 
ideas of tornado flow mechanics. However, general 
spreading of the lighter debris particlrs with height up to 
the tornado-associated cloud base is indicated in many 
tornado photographs and is demonstrated in movies. If 
general iiHli·n.fts into the trunk existed around this region . 
there $hould be a concentration of the lighter material 
around the tipper portion of the tornado and a tapering 
inward with height of the lightly shaded (that portion 
offering low optical density) and higher-level debris cloud. 
Such hns not been found in the Da11as tornado photo­
graphs. However, in some tornadoes optically dense 
debris has bcch photographed ascending nlong the tornado 
trunk in a ey]ind rieal sh~ipc as con trusted t.o the tapered 
c)utward and upward shape that so characterized the dense 
debris eloud of the Dall<lS tornado. In those eases the 
trunk was usuall.r lowered to ne<lr the ground and was 
(tuitc wide, nnd it is thought tlwt such instances represent 
a particularly energetic stage of the tornado. The effeet 
,:; ('en may br in the nature of a trnnsient surge of air inward 
:l t low hwel and upwnrd nlong the trunk which carries 
hcayier particulate debris to higher elevations. Evidently 
the air flow paHern of the tornado is complex and changes 
from one· tornado to another and ma,y eh<lnge from time 
t n time in n ny one ton1ado. 

6. CONCLUDING REMARKS 

For the first time n distribution of observed tangential 
111d upw:1rd nir spC('(l in :C tornado h:1s been obtained. 

This was mude possible by the use of tornado movies of 
high quality and the utilization of the methods of photo- . 
grnmn1etry and perspective. Furt.hrr, a convergent 
rndinl speed distribution was synthesized that produced 
an upward speed distribution quantitatively close to the 
observed upwnrd wind speed distribution in the lower 600 
ft. of the tornado. The three components (i.e., synthe­
sized radial distribution, generated upward distribution, 
and observed tangential distribution) were combined to 
determine the three-dimrnsionnl air parcel trajectories for 
the lower portion of the Dallas tornado. These t.rajec-· 
tories resemble the pa.ths of some of the solid debris 
partieles which were thrown out ahead of the right-hand 
side of the tornado after being lifted in the eore. 

Frmn the analysis of the radial distribution of the 
tangential speed, vorticity distribution was determined 
at three levels. Large values of negative vorticity were 
found at small radii (but exterior to the radius of maxi­
nlum tangential speed) and at low levels, and the VR= 
Constant relationship did not hold. At the 1000-ft. level, 
however, the VR=Constant distribution was nearly 
a,ttained. Immediately outside of the region of maAimum 
speed and at 150 and 300 ft. in elevation, the speed cha.nge 
with radius approached a VRL 6 = Constant relationship, 
while at greater radii a Vfl0· 8 =Constant relationship was 
evident. 

Extremely high tangential speeds were not found and 
170 m.p.h. was the maximum, although there may have 
been higher speeds where tracers were not traeked or were 
absent. 

The upward speed distribution was found to have a 
jet of n1a.ximun1 speed at about 135 ft. a,bove the ground 
at the core; it decreased above that to zero near the 1000-
ft. elevittion. At a radius of 300ft. the maximu1n upwa.rd 
speed in the lower levels was a.t the 400-ft. elevation, 
however. A.n envelope of zero upward speed was found 
above the 1000-ft. level which appeared to coincide with 
the condensation envelope. 

Evidence was found in the distribution and n10vement 
of small particulate debris around the tornado to indicate 
that the upward flow took on an outward component 
above the region of maximum upward speed. 

Some, nontypicnl observ11tions showed that no upward · 
air flow was detectable on the surface of the funnel a.t 
levels above about 1000 ft.; only tangenti<ll components 
were· detected. A suggestion was made that the condensa-: 
tion funnel, with the exception of the lowest portion of the 
suspended tip section, does not partieipate in the upward 
sink 1nechanism. Evidenee in support of this idea is 
contained in movies nnd st,ill photographs showing more 
debris being carried upward beneath the suspended funnel 
than when the funnel was on t.he ground and in sequential 
photogrnphs showing a widening of the debris cloud into 
<t ring shape at the ground :ls the funnel lowered and 
widened. The clinmcter of the debris cloud at ground 
level ~qualed or exceeded the diameter of the lmver end 
of the condensation funnel. 
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'l'he implication is that had the region in and beneath 
the 10\vering and widening funnel been involved in the sink, 
the debris would hn ve converged to a small region beneath 
the lowering funnel rather th<tn being turned upward nt 
some larger diameter. The visible funnel does not control 
the sink distribution but only exists in the region of little 
or no upward nir movemeu t. Certainly nir ascends in 
the vortex core beneath the suspended funnel tip and 
ascends around the exterior of the funnel whether it is 
suspended · aloft or is on the ground. 

l-Ienee the air speed in the urunensurable· tornado hns 
finally been measured and the speed distribution com­
pared with theoretical dist1:ibut.ions. To \vhnt extent 
other tornadoes differ from the Dallas tornado is not 
known but the disposition of the condensation funnel nnd 
the attendant debris cloud in other tornadoes indicates 
that sonw differences in degree Inust exist between inch­
vidual tornadoes. 

It is hoped that other high-qmllity movies of yet unborn 
tornadoes will be forthcoming so that treatment similar 
to t.lult provided in this paper can be Inade. 
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